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Physicochemical properties of a zinc phthalocyanine –
pyrene conjugate adsorbed onto single walled carbon
nanotubes†
Racheal O. Ogbodu, Edith Antunes and Tebello Nyokong*
A conjugate between zinc monoamino phthalocyanine (ZnMAPc) and pyrene (Py) represented as
ZnMAPc–Py (complex 3) was synthesized and characterized by various spectroscopic techniques and by
elemental analysis. This manuscript also reports on the photochemical and photophysical properties of 3.
This new compound exhibited higher triplet, ﬂuorescence and singlet oxygen quantum yields in compari-
son to the phthalocyanine alone, hence showing the advantages of attaching pyrene to the Pc without
breaking the conjugation. We also observed a decrease in photophysical parameters upon adsorbing
the ZnMAPc–Py complex onto single walled carbon nanotubes (SWCNT). However, ZnMAPc–Py still
generated some singlet oxygen when adsorbed onto SWCNT.
Introduction
The exclusive properties of phthalocyanines (Pcs) have made
them one of the most studied compounds. These properties
include: thermal and chemical stability, eﬀective singlet
oxygen generation, their non-toxicity in the absence of light,
intense absorption in the red region of the visible spectrum,
as well as selective localization in tumors.1–7 The variety of
therapeutic applications of metallophthalocyanines (MPc) has
necessitated the need for the synthesis of new phthalocyanine
derivatives8–12 with improved photophysical characteristics.
Phthalocyanines exhibit excellent chemical and photo-
chemical properties, but show weak fluorescence,9 depending
on the central metal. Large central metals enhance intersystem
crossing to the triplet state, lowering fluorescence,13 hence
limiting the applications of Pcs in imaging. Pyrene (Py) exhi-
bits high fluorescence quantum yields and lifetimes (0.65
and 410 ns, respectively, in ethanol at 293 K).14 Linking the
fluorescent pyrene unit to a phthalocyanine may influence the
fluorescence characteristics of the aromatic structure.15,16 On
the other hand, it has been reported13 that aromatic groups
that are part of the phthalocyanine π system can enhance inter-
system crossing. This would result in enhanced singlet oxygen
production. Singlet oxygen is the cytotoxic species responsible
for tumor destruction in photodynamic therapy (PDT).17,18 In
this work pyrene forms part of the Pc π conjugation; hence it
is expected to enhance the triplet state parameters while at the
same time it positively influences the fluorescence behaviour
of the conjugate. The photosensitizing eﬃciency of phthalo-
cyanine complexes is aﬀected by aggregation in solution.19 To
avoid aggregation, Pc complexes have been loaded onto single
walled carbon nanotubes (SWCNTs). Functionalized SWCNTs
can move across cellular membranes with less cytotoxicity
when compared to unfunctionalized SWCNTs.20–22
SWCNTs are one-dimensional nanowires that readily accept
charges when interfaced with excited-state electron donors
via functionalization.23 The immobilized compounds can be
transported along their tubular axis. Examples of compounds
immobilized on SWCNTs include pyrene24,25 and porphyrin
moieties.26,27
In this study, the photophysical and photochemical pro-
perties of a zinc phthalocyanine–pyrene conjugate (ZnMAPc–
Py) alone, and upon adsorption onto SWCNTs, were studied.
There have been reports on the interaction of pyrene, porphy-
rins and SWCNT24,25 to form donor–acceptor hybrids. Conju-
gation of phthalocyanines to pyrene has been reported using
the phthalonitrile route (using a pyrene substituted phthalo-
nitrile28). Using hydroxy substituted phthalocyanines, pyrene
substitution using 1-pyrenebutyric acid has been reported.29 In
this work we extend the conjugation of the Pc by forming a
Schiﬀ base pyrene substitution (Scheme 1A) instead of disrupt-
ing the conjugation by using the pyrenyl methanol substitu-
ent28 or 1-pyrenebutyric acid.29 Özcesmeci et al.28 reported
that the pyrene units did not change the fluorescence
quantum yield of the Pcs but there was eﬀective energy trans-
fer. Quenching of pyrene fluorescence was observed in the
presence of the phthalocyanine, even though emission of the
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latter was not observed.29 The current study shows improved
fluorescence, triplet and singlet oxygen quantum yields
when pyrene is linked to a phthalocyanine without breaking
the conjugation. The fluorescence and triplet state behavior
of the pyrene–Pc complex is reported alone and when
immobilized onto SWCNT (Scheme 1B). The triplet state para-
meters and singlet oxygen quantum yields of the Pc–pyrene
complexes are reported for the first time.
Experimental
Materials
Dimethylsulfoxide (DMSO), N,N′-dimethylformamide (DMF)
ethanol and hexane were obtained from SAARCHEM. Diphenyl-
isobenzofuran (DPBF), zinc phthalocyanine (ZnPc) and
1-pyrene-1-carboxaldehyde (Py, 2) were obtained from Sigma-
Aldrich. Single-walled carbon nanotubes (SWCNT, 1–5 nm in
diameter and 1–5 μm in length) were obtained from Nanolab.
Zinc monoamino phthalocyanine (ZnMAPc, 1) was synthesized
according to literature methods.30
Equipment
X-ray powder diﬀraction (XRD) patterns were recorded on a
Bruker D8 Discover XRD equipped with a Lynx Eye Detector,
using Cu Kα radiation (= 1.5405 Å, nickel filter). The details
have been reported earlier.30,31 Absorption spectra were
recorded on a Shimadzu UV-Vis 2550 spectrophotometer and
fluorescence emission and excitation spectra on a Varian
Eclipse spectrofluorimeter using a 360–1100 nm filter.
Mass spectral data were collected with a Bruker AutoFLEX
III Smart beam TOF/TOF mass spectrometer. The instrument
was operated in positive ion mode using an m/z range of
400–3000 amu. The spectra were acquired using dithranol as
the MALDI matrix and a 355 nm Nd:YAG laser as the ionizing
source. Infrared spectra were recorded on a Perkin-Elmer Uni-
versal ATR Sampling accessory spectrum 100 FT-IR spectro-
meter, while 1H nuclear magnetic resonance signals were
recorded on a Bruker AMX 600 NMR spectrometer. Thermal
gravimetric analysis (TGA) data were recorded on a Shimadzu
DTG-TG 60H with a gas flow of 120 ml min−1 and operated
under a nitrogen atmosphere at 10 °C min−1.
Photo-irradiation for singlet oxygen determinations was
done using a General Electric Quartz line lamp (300 W) as
described before.32,33 Light intensities were measured with a
POWER MAX5100 (Mole electron detector incorporated) power
meter and were found to be 2.97 × 1016 photons s−1 cm−2.
Laser flash photolysis experiments were performed to deter-
mine the triplet decay kinetics and transient absorption
spectra. The excitation pulses were produced by a tunable laser
system consisting of an Nd:YAG laser (355 nm, 135 mJ,
4–6 ns) pumping an optical parametric oscillator (OPO, 30 mJ,
3–5 ns) with a wavelength range of 420–2300 nm (NT-342B,
Ekspla). The details have been reported before.31 Solutions for
triplet state studies were deaerated with argon for 15 min
before the measurement. The absorbance of the solution at
the Q band was 1.5 for these studies. Triplet lifetimes were
determined by exponential fitting of the kinetic curves using
OriginPro 8 software.
Fluorescence lifetimes were measured using a time corre-
lated single photon counting (TCSPC) setup (FluoTime 200,
Picoquant GmbH). The excitation source was a diode laser
(LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz repetition
rate, 44 ps pulse width, Picoquant GmbH). Fluorescence was
detected under the magic angle with a peltier cooled photo-
multiplier tube (PMT) (PMAC-C 192-N-M, Picoquant) and inte-
grated electronics (PicoHarp 300E, Picoquant GmbH) as
described in detail elsewhere.31 Transmission electron
microscopy (TEM) images were obtained using a Zeiss Libra
TEM 120 model operated at 90 kV.
Synthesis
Synthesis of zinc phthalocyanine 1-pyrene-1-carboxaldehyde
(ZnMAPc–Py, 3) Scheme 1A. A mixture of zinc monoamino
phthalocyanine (ZnMAPc, 1) (20 mg, 0.034 mmol) and 7.83 mg
(0.034 mmol) of 1-pyrene-1-carboxaldehyde (2) was refluxed in
5 ml of ethanol at 75 °C for 24 h. The product was precipitated
Scheme 1 Synthetic route of (A) ZnMAPc–Py and (B) ZnMAPc–Py-SWCNT
(adsorbed).
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out using cold ethanol, followed by centrifugation to give 3
(Scheme 1A). Unreacted ZnMAPc 1 and Py 2 were removed by
repeated centrifugation and dispersion in ethanol. The
complex is represented as ZnMAPc–Py (3). Yield: 54%
(14.8 mg), UV-Vis (DMSO): λmax nm (log ε) 679 (5.2), 345 (4.9).
Anal. Calcd for C49H25N9Zn: C, 72.29; H, 3.56; N, 14.74. Found:
C, 71.93; H, 3.62; N, 14.85; MALDI-TOF-MS (m/z): amu 805.
Found: 807. (M + 2H). IR [(ATR) νmax/cm
−1]: 3048–2922 (C–C
str.), 1690–1606 (–CvN). 1H NMR (600 MHz, DMSO-d6): 10.1
(m, 1H, –CHvN–); 9.5–9.3 (m, 8H), 8.6–7.8 (m, 16H).
Synthesis of the ZnMAPc–Py-SWCNT (4), Scheme 1B.
SWCNTs were chemically modified with ZnMAPc–Py (3)
according to literature methods for the immobilization of
other phthalocyanines34 with slight modification: 20 mg of
SWCNTs were sonicated for 20 minutes in 5 ml of dry DMF to
give a brown coloured suspension. ZnMAPc–Py (3) (20 mg,
0.025 mmol) was then added to the solution to give a green
suspension and the resulting mixture was stirred for 16 days at
room temperature, to give a dark-green suspension indicating
the adsorption of the ZnMAPc–Py (3) on SWCNT. The product
was precipitated out of solution using the solvent mixture of
ethanol and hexane (1 : 1) and the final product was obtained
by centrifugation. IR [(ATR) νmax/cm
−1]: 3183–2985 (C–C str.),
1643–1605 (–CvN). [Raman νmax/cm
−1]: 2544 (G*), 1592 (G),
1277 (D).
Photophysical and photochemical parameters
Triplet quantum yields (ΦT) were determined for 3 and 4 using
a comparative method based on the triplet decay as outlined
before31,35 and using ZnPc as the standard, (ΦT(std) = 0.65 in
DMSO36). Fluorescence quantum yields (ΦF) of complexes 3
and 4 were determined using reported equations and
methods.31,37 ZnPc in DMSO was employed as a standard, ΦF =
0.20.38 Both the samples and reference were excited at the
relevant wavelength (602 nm). The absorbance ranged between
0.04 and 0.05 at the excitation wavelength for all complexes.
Singlet oxygen quantum yield (ΦΔ) determinations for 3
and 4 were carried out using reported methods.32,33 DPBF was
used as a chemical quencher in DMSO and ZnPc as a standard
(ΦΔ(std) = 0.67 in DMSO).
39 To avoid chain reactions induced
by DPBF in the presence of singlet oxygen,40 the concentration
of the quencher was lowered to ∼3 × 10−5 mol dm−3. Absor-
bances of 3 or 4 were 1 at the irradiation wavelength.
Fluorescence resonance energy transfer (FRET) eﬃciencies
(Eﬀ ) were determined from the fluorescence quantum yields
of the donor in the absence and presence of the acceptor
using eqn (1):41
Eff ¼ 1 ΦFA
ΦFD
ð1Þ
where A is the acceptor and D is the donor. For complex 3
the acceptor is ZnMAPc while the donor is Py, and the ΦF for
Py is 0.65 in ethanol.14 For complex 4, ZnMAPc–Py was the
donor and SWCNT, the acceptor. The studies were done in
DMSO.
Results and discussion
Characterization of the ZnMAPc–Py (3) conjugate
Scheme 1A shows the synthetic route for the formation of
ZnMAPc–Py (3) as a Schiﬀ base reaction between ZnMAPc (1)
and Py (2). Fig. 1A(a) shows the FTIR spectrum of 3 with a
–CvN bond stretch at 1690–1606 cm−1, which is diﬀerent
from those of ZnMAPc or Py alone, indicating successful forma-
tion of the conjugate. In the 1H NMR spectrum of the conjugate
(ZnMAPc–Py, 3), the proton signal at 10.8 ppm corresponding to
the aldehyde proton of the pyrene moiety was observed to
shift to 10.1 ppm as expected for an imine proton (for the con-
jugate). The protons corresponding to the pyrene unit (at δ = 9.3
and 8.6–8.1 ppm) were still observed upon conjugation although
they are overshadowed by the protons attributed to the Pc ring,
also in the δ = 9.5–9.3 and δ = 8.6–7.8 ppm region. See Fig. 1
in the ESI† for NMR spectra. Phthalocyanine aggregation
at the concentrations used for the 1H NMR measurements leads
Fig. 1 FTIR spectra of (A) ZnMAPc (a); ZnMAPc–Py (3) (b) and Py (c); (B)
ZnMAPc–Py (3) (a) and ZnMAPc–Py-SWCNT (4) (b).
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to broadening and overlap of the aromatic signals,42 hence the
observed broadening for 3, which is more greatly broadened
than 1 due to extended conjugation (which in turn leads to more
aggregation). The possibility of the existence of more than one
isomer (i.e. cis and trans isomers) for the phthalocyanine–pyrene
conjugate also complicates the interpretation of the NMR
spectra.
The absorption spectra of ZnMAPc–Py (3) in DMSO (Fig. 2A(a))
show features of a pyrene building block with signature
peaks at 392 and 345 nm (attributed to the Py substituent,
Fig. 2A(b)). Peaks for pyrene at 345 nm (as shown in Fig. 2A(b))
have also been reported in the literature.28,29 The peaks due to
the ZnMAPc were observed at 362 and 679 nm, for ZnMAPc–Py,
Table 1. Slight red shifting of the Q band of ZnMAPc (Fig. 2A)
on coordination of Py is observed due to extended π conjugation
as is typical of phthalocyanines.43
Typical absorption (a), emission (b) and excitation (c)
spectra of ZnMAPc–Py (3) are shown in Fig. 3A. The excitation
spectrum is a mirror image of the emission spectrum. The
Q band maxima of the absorption and excitation spectra
were slightly diﬀerent, most probably due to diﬀerent equip-
ment being used. There was a slight broadening of the absorp-
tion compared to excitation spectra due to slight aggregation
in the former.
Characterization of the ZnMAPc–Py-SWCNT (4) conjugate
UV-Vis and FTIR spectra. Scheme 1B shows the route for
the formation of the ZnMAPc–Py-SWCNT (4) complex which
was obtained via π–π stacking interactions by adsorbing
ZnMAPc–Py (3) onto SWCNT. There was a colour change from
green to dark-green upon adsorption. Pc complexes may
decompose when left in solution for extended periods.
However, in the absence of SWCNTs, the solution of Pcs
was found to remain green for over 12 months well beyond the
16 days used for their adsorption on SWCNTs, Fig. 2, ESI.† The
slight red shifting could indicate more adsorption of SWCNTs.
Fig. 1B(b) shows the FTIR spectrum of 4. There was broad-
ening of the C–C bond stretches at 3048–2922 cm−1 of
ZnMAPc–Py (3) to a wider range of 3183–2985 cm−1 for
complex 4, as well as changes in the –CvN stretches range
which moved from 1690–1606 cm−1 of ZnMAPc–Py (3) alone to
1643–1605 cm−1 for 4. These peak shifts indirectly indicate
successful adsorption of ZnMAPc–Py onto SWCNT. There
was a general broadening of the FTIR peaks on adsorption of 3
onto SWCNT and formation of 4.
Fig. 2B shows the absorption spectrum of ZnMAPc–
Py-SWCNT 4. There was a change in the Q band maxima (3 nm,
Table 1) upon coordination of phthalocyanines with SWCNT,
showing that 3 is in a diﬀerent environment compared to
when in solution in the absence of SWCNT, indirectly confirm-
ing coordination. The red shifting could be a result of the π–π
interaction with SWCNTs. Negligible changes in the Q band
on coordination to SWCNT have been reported.44 Absorption
(a), emission (b) and excitation (c) spectra of ZnMAPc–
Py-SWCNT 4 are shown in Fig. 3B. As was the case for 3, the
Fig. 2 Absorption spectra of (A) ZnMAPc–Py (3) (a); Py (b) and ZnMAPc (c) and
(B) ZnMAPc–Py (3) (a); ZnMAPc–Py-SWCNT (4) (b) and SWCNT (c). The concen-
tration of ZnMAPc–Py is 6.3 × 10−6 M in DMSO.
Table 1 UV-Vis spectral and ﬂuorescence data for ZnMAPc–Py (3) and ZnMAPc–Py-SWCNT (4) in DMSO
Complex λabs
a/nm λEmm
a/nm λExc
a/nm ΦF
a τF (ns)
b ± 0.01 ΦSET kSET (s
−1) QFc FRET Eﬀ ΦΔ ΦT SΔ τT (μs)
ZnMAPcd 676 683 676 0.16 3.43 (1.0) — — — — 0.43 0.48 0.90 229
ZnMAPc–Py (3) 679 683 677 0.20 2.99 (1.0) 0.13 4.2 × 107 3.3 0.69 0.53 0.78 0.66 193
ZnMAPc–
Py-SWCNT (4)
682 688 680 0.05 2.92 (0.84),
1.07 (0.16)
0.023 8.0 × 106 4.0 0.75 0.29 0.64 0.45 261
a λExc = excitation maxima (excitation at 602 nm), λabs = absorption maxima, λemm = emission maxima.
b Amplitudes in brackets. cQuenching
factor ðQFÞ ¼ ΦðF=ZnMAPcÞpyrene ð3ÞΦF ZnMAPcpyrene-SWCNT ð4Þ or
ΦF=pyrene
ΦFZnMAPcpyrene ð3Þ
: dData from ref. 30.
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shapes of the bands in the absorption and excitation spectra
were similar except for the broadening of the former due to
some slight aggregation. The excitation spectrum was found to
be a mirror image of the emission spectrum. The excitation
spectrum is blue shifted by about 2 nm (Table 1) compared to
the absorption spectrum for 4, but such a shift is not signifi-
cant considering diﬀerent equipment was used for obtaining
absorption and excitation spectra.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis (Fig. 4) is used to determine the
thermal decay profiles of compounds following heating to
remove solvents. Only the parts of the traces which show
changes are displayed in Fig. 4. The thermogravimetric ana-
lyses showed a weight loss of 56% for ZnMAPc–Py-SWCNT (4)
(Fig. 4a), 72% for ZnMAPc–Py (3) (Fig. 4b) and 84% for SWCNT
(Fig. 4c) at 590 °C. The smaller percentage weight loss of 4
suggests alteration in the physical properties of the SWCNT.
The thermal stability of the SWCNT indicates purity.45 The
SWCNTs employed in this work were not purified by acid treat-
ment to avoid defects generated by such treatment. Hence an
improvement in stability upon functionalization of the SWCNT
with the ZnMAPc–Py (3) may suggest increased purity.
XRD characterization
Fig. 5 shows the XRD spectra of SWCNT (a), the ZnMAPc–Py-
SWCNT (4) conjugate (b) and ZnMAPc–Py (3) (c). The spectrum
of SWCNT (Fig. 5(a)) shows two main peaks at 2θ values of
25.46° and 43.84° (Table 2), corresponding to the (002)46–48
and (111)47 reflections of carbon. The pattern of ZnMAPc–Py
(3) (Fig. 5c, Table 2) shows a broad peak at 26° with a
d-spacing of 3.43, typical of phthalocyanines.49 There were
Fig. 3 Absorption (a), emission (b) and excitation (c) in DMSO for (A) ZnMAPc–
Py (3) and (B) ZnMAPc–Py-SWCNT (4). Excitation wavelength = 602 nm.
Fig. 4 TGA proﬁle of (a) ZnMAPc–Py-SWCNT (4), (b) ZnMAPc–Py (3) and (c)
SWCNT.
Fig. 5 XRD spectra of SWCNT (a), ZnMAPc–Py-SWCNT (4) (b) and ZnMAPc–Py
(3) (c).
Table 2 XRD parameters of SWCNT, ZnMAPc–Py-SWCNT (4) and ZnMAPc–Py
(3)
2-Theta d-Spacing
SWCNT 25.46, 43.84, 60.76,
79.81
3.49, 2.06, 1.47,
1.19
ZnMAPc–Py-SWCNT
(4)
28.97, 42.79, 60.46,
80.67
3.08, 2.11, 1.46,
1.20
ZnMAPc–Py (3) 26.0, 60.54, 79.90 3.43, 1.46, 1.21
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shifts in the 2θ values of SWCNT upon functionalization with
ZnMAPc–Py (3). The ZnMAPc–Py-SWCNT conjugate (4)
(Fig. 5b) exhibits peaks at 2θ = 28.97° and 42.79° with low
intensity which could be as a result of ZnMAPc–Py adsorbed
on the surface of SWCNT (π–π interaction). However, a dra-
matic enhancement of the peaks at 2θ = 60.46° and 80.67°
(Fig. 5b), which were weak for both SWCNT and 3 only,
suggests successful formation of the conjugate. On functiona-
lizing carbon nanotubes with metallophthalocyanines, both
the degree of crystallization and the interplanar space change,
implying a new crystal formation or a new compound.50
Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was used for charac-
terizing ZnMAPc–Py-SWCNT 4. Fig. 6 shows the TEM image
obtained for SWCNT (Fig. 6A) and complex 4 (Fig. 6B) dis-
persed through ultrasonication in DMF. The images obtained
for the two are clearly diﬀerent. The particle like compounds
dispersed on the SWCNT shows that there is a strong inter-
action between the ZnMAPc–Py and SWCNT.
Photophysical and photochemical parameters
Triplet quantum yield (ΦT) and lifetime (τT). The transient
absorption spectra were determined by laser flash photolysis
in DMSO, by exciting the photosensitizer in the Q band region
and recording the spectra from 400 to 800 nm (Fig. 7). Fig. 7
shows singlet depletion at 680 nm and triplet–triplet absorp-
tion at 500 nm. Fig. 7 (insert) shows a typical triplet decay
curve for ZnMAPc–Py which obeyed first order kinetics. The ΦT
value decreased upon adsorption of the ZnMAPc–Py (3) onto
SWCNT (0.78 to 0.64 for complexes 3 and 4 respectively) while
the τT increased (from 193 to 261 μs for complexes 3 and 4
respectively, Table 1). The increase in lifetime corresponds to
the decrease in triplet quantum yield, Table 1. The decrease in
ΦT value in the presence of SWCNT could be related to the
reported51 electron transfer mediated process from the elec-
tron-donating phthalocyanine ring to the electron accepting
SWCNTs which rapidly deactivates the photoexcited phthalo-
cyanine and in some cases resulting in a lack of observation of
the triplet decay curve.44 Compared to ZnMAPc, there is an
increase in ΦT values for 3 and 4, suggesting enhancement of
intersystem crossing by pyrene. This could be due to enhanced
π conjugation which has been reported to enhance intersystem
crossing.13
Singlet oxygen quantum yield
The amount of singlet oxygen produced was determined by
monitoring the disappearance of DPBF spectroscopically over
a period of time. There was no change in the Q-band intensity,
confirming that the Pc had not degraded during singlet oxygen
studies (Fig. 8). Singlet oxygen is formed via energy transfer
from the triplet state of a Pc to ground state triplet molecular
oxygen. Thus, the eﬃciency of singlet oxygen generation
depends on the triplet state quantum yield together with the
triplet state lifetime. Quantum yields of singlet oxygen gen-
eration for complexes 3 and 4 were found to be 0.53 and
0.29 respectively, Table 1, corresponding to the decrease
Fig. 6 TEM image of SWCNT (A) and ZnMAPc–Py-SWCNT (4) (B).
Fig. 7 Triplet transient diﬀerential absorption spectra for ZnMAPc–Py (3) in
DMSO. The excitation wavelength is 674 nm. Absorbance at excitation wave-
length = 1.5. Insert: the triplet decay curve for ZnMAPc–Py (3) in DMSO.
Fig. 8 Typical spectra for the determination of the singlet oxygen quantum
yield. The spectra show the degradation of DPBF in the presence of ZnMAPc–Py
in DMSO.
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observed in the triplet quantum yields. The values of SΔ =
ΦΔ/ΦT represent the eﬃciency of energy transfer between the
triplet state of the phthalocyanine and ground state triplet
oxygen to form excited singlet state oxygen. A decrease in the
energy transfer eﬃciencies upon adsorption of ZnMAPc–Py (3)
onto SWCNT was observed due to the electron transfer process
discussed above. This results in a decrease of ΦΔ for complex 4
compared to 3 alone, Table 1.
Fluorescence quantum yield (ΦF) and lifetimes (τf )
The ΦF of ZnMAPc–Py (3) decreased upon adsorption onto the
SWCNT (from 0.20 for 3 to 0.05 for 4, Table 1). The ΦF value
for 3 is slightly higher than for ZnMAPc alone, Table 1 (ΦF =
0.16), showing that pyrene does indeed improve the fluore-
scence quantum yield of the Pc. This is an important ob-
servation since, when fluorescence quantum yields increase, it
is expected that the triplet quantum yields would decrease.
However for complex 3 in the presence of pyrene all the para-
meters increase, showing the importance of linking pyrene to
the Pc without breaking the conjugation. A quenching factor
of 3.3 (=ΦF of pyrene/ΦF of 3) was obtained for 3 which
increased to 4.0 (=ΦF of 3/ΦF of 4) in the presence of SWCNT
for 4, Table 1. The ΦF (=0.05) for 4 is much lower than for both
3 and ZnMAPc due to excited state deactivation in the presence
of SWCNT as discussed above.
Complex 3 is a most eﬃcient system with a total energy
conversion of 0.98 (ΦT + ΦF), suggesting that there is minimal
loss of energy due to internal conversion.
Fluorescence lifetime refers to the average time the mole-
cule spends in its excited state before fluorescing and its value
is directly related to the fluorescence quantum yield. A typical
fluorescence decay curve for ZnMAPc–Py (3) is shown in Fig. 9
at an excitation wavelength of 683 nm. The quality of the fit
was judged on the basis of χ2 values which were close to
unity. Fluorescence lifetimes (τF) were determined in DMSO,
with the data obtained shown in Table 1. For ZnMAPc–Py (3),
as was the case for ZnMAPc alone, one lifetime was obtained.
However, two lifetimes were observed for ZnMAPc–Py-SWCNT
(4). The presence of two lifetimes for phthalocyanines in the
presence of Au nanoparticles has been explained in terms of
quenched and unquenched fluorescence depending on the
orientation of the phthalocyanine molecules52 on the nanopar-
ticle surface. The same explanation could be applied here.
Energy transfer study
Fluorescence resonance energy transfer (FRET) studies
between Py and ZnMAPc were also conducted. FRET involves
non-radiative energy transfer from a photoexcited donor fluoro-
phore, after the absorption of a higher energy photon, to an
acceptor fluorophore of a diﬀerent species which is in close
proximity. FRET results from dipole–dipole interactions and is
extremely dependent on the center-to-center separation dis-
tance between the donor and the acceptor (r), the degree of
spectral overlap of the donor’s fluorescence emission spectrum
and the acceptor’s absorption spectrum14,41 as shown in
Fig. 10A. Practically, there is a consequential quenching in
the donor photoemission and an increase in the acceptor’s
fluorescence when FRET has occurred as observed in Fig. 10B
Fig. 9 Photoluminescence curve for ZnMAPc–Py (3) in DMSO.
Fig. 10 (A) Emission spectrum of Py (a) and absorption spectrum of ZnMAPc 1 (b);
(B) emission spectra of Py (2), ZnMAPc–Py (3) and ZnMAPc (1) in DMSO. Excitation
wavelength = 400 nm.
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on excitation at 400 nm where absorption by 3 alone is
minimal and absorption by pyrene is substantial. The FRET
eﬃciencies for ZnMAPc–Py 3 and ZnMAPc–Py-SWCNT 4 were
0.69 and 0.75 respectively (Table 1). The higher FRET eﬃciency
in the presence of SWCNT suggests increased quenching. The
photoinduced intramolecular electron transfer eﬃciency
(ΦSET) and electron transfer rate constant (kSET) of complexes 3
and 4 were calculated using eqn (2) and (3); these values
decreased upon adsorption of 3 on SWCNT to form 4
(Table 1).
ΦSET ¼ 1 τZnMAPcPy or ZnMAPcPy-SWCNT
τZnPc
ð2Þ
kSET ¼ 1
τZnMAPcPy or ZnMAPcPy-SWCNT
 1
τZnPc
ð3Þ
Conclusions
In summary, we have synthesized and characterized a new
phthalocyanine bearing one pyrene unit. In this system, we
observed that there was eﬀective energy transfer from the
pyrene unit to the phthalocyanine core. Compound 3 exhibits
improved photophysical and photochemical properties
showing high triplet, fluorescence and singlet quantum yields
compared to ZnMAPc (1) alone. We observed that the fluo-
rescence emission of 3 was quenched on adsorption onto
SWCNT to form 4. However, complex 3 still produces singlet
oxygen on adsorption onto SWCNT and thus the conjugate
still has a possibility for use in combined photothermal and
photodynamic therapy.
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